Objectives: For patients with type 2 diabetes, newer antihyperglycaemic agents (AHA), including the dipeptidyl peptidase IV inhibitors (DPP4i), glucagon-like peptide-1 receptor agonists (GLP1RA) and sodium glucose co-transporter 2 inhibitors (SGLT2i) offer a lower risk of hypoglycaemia relative to sulfonylurea or insulin.
| INTRODUC TI ON
For patients with type 2 diabetes and their physicians, fear of hypoglycaemia limits attainment of glycaemic targets, 1,2 increasing the risk of developing diabetes-related complications. 3 The last decade has witnessed a dramatic shift favouring the use of three newer classes of antihyperglycaemic agents (AHA) including the dipeptidyl peptidase IV inhibitors (DPP4i), glucagon-like peptide-1 receptor agonists (GLP1RA) and sodium glucose co-transporter 2 inhibitors (SGLT2i). 4 For patients with type 2 diabetes, these AHA lower blood glucose with the promise of lower hypoglycaemia risk.
Certainly, relative to sulfonylurea (SU) or insulin, the lower risk of hypoglycaemia with AHA is clear and widely accepted. [5] [6] [7] [8] [9] However, relative to placebo, efficacy-focused studies have been unable to delineate hypoglycaemia risk with these newer AHA, mainly due to the use of background SU and insulin. For instance, a number of systematic review and meta-analyses have found a significantly higher risk of hypoglycaemia relative to placebo. To explain the increased risk with DPP4i, 10-15 GLP1RA [14] [15] [16] [17] [18] [19] and SGLT2i, 9, [20] [21] [22] authors have pointed to studies allowing background SU or insulin, 17,22 have conducted post hoc sensitivity analyses to exclude studies with SU or insulin [11] [12] [13] [14] 16, 18, 20, 21, 23 or have left the findings unaddressed. 9, 15, 19 Thus, a meta-analysis with hypoglycaemia of newer AHA as the primary objective which a priori excludes studies allowing other background agents is necessary.
The unique mechanism of action of each class of AHA provides a low risk of hypoglycaemia. [24] [25] [26] SGLT2i's augment glycosuria in a glucose-dependent manner. 27 Incretin-based therapies, DPP4i and GLP1RA, increase glucagon-like peptide 1 (GLP1) which in turn stimulates pancreatic insulin secretion in a glucose-dependent manner. 28, 29 Moreover, the enzyme DPP4 cleaves substrates beyond GLP1 including gastric inhibitory peptide (GIP). 30, 31 Known to enhance glucagon counterregulation during hypoglycaemia, increased GIP with DPP4i may provide additional protection from hypoglycaemia risk. 32 Unlike the newer AHA, metformin's mechanism of action is not believed to be glucose-dependent. Hence, each class of AHA presents with a unique mechanism of action which may lead to differing risk of inflicting hypoglycaemia.
For severe hypoglycaemia, we anticipate the risk with AHA to be negligible given their glucose-dependent mechanisms of action. Further, the strict inclusion criteria of randomized controlled trials make it unlikely that high-risk patients, many of whom would also be at risk of experiencing a severe episode, would be enrolled.
Nevertheless, given the clinical significance of a severe hypoglycaemia episode, its inclusion as an outcome is necessary. But despite its more frequent occurrence, little is known about less severe, mild to moderate or nonsevere hypoglycaemia. 33 Nonsevere hypoglycaemia episodes increase the risk of subsequent 34 and more severe events, 35 direct and indirect costs, frequency of blood glucose monitoring and reduce work productivity and medication adherence.
36-39
Moreover, given the progressive nature of diabetes 40 and involvement of multiple organs, 41 patients eventually require multiple AHA to maintain glycemic control. Thus, refining our understanding of any hypoglycaemia risk with AHA, particularly when used as dual or triple therapy is of clinical importance. Systematic review and meta-analyses allow for sufficient power to evaluate low-frequency outcomes. However, pooling estimates of rare adverse events compared to efficacy end-points presents with its own unique challenges. 46 For instance, consensus is lacking on the optimal pooling methods and handling of studies with zero events in both arms. 47 Some argue that studies with zero events lack information and its inclusion may negate an otherwise statistical finding. 48 Others claim exclusion of studies with zero events does not consider all the available evidence and may overestimate risk. 49 Recently, inclusion of studies with zero events has fostered support 50 and providing results of both analyses has been recommended. 48 In this systematic review and meta-analysis, we evaluate the risk of any and severe hypoglycaemia in patients with type 2 diabetes relative to placebo in studies which only permit the use of metformin, DPP4i, GLP1RA or SGLT2i administered alone or in any combination with each other.
| MATERIAL S AND ME THODS
The protocol for this meta-analysis is registered with the International 
| Data extraction and quality assessment
Two reviewers (SK and PJD) independently extracted study and patient characteristics of included studies in a prepiloted table.
Differences were resolved through consensus. By considering the overall RoB, including inconsistency, indirectness and imprecision across studies, a level of certainty was determined for our findings.
| Data synthesis and analysis
For the primary and secondary outcomes, we compared the use of metformin and each class of AHA as monotherapy or as each class of AHA added-on to metformin background relative to placebo.
Studies in which a second AHA was added to a nonmetformin background, or initiated dual therapy (ie, two AHA simultaneously administered to treatment naïve or previously treated patients undergoing a washout) or triple therapy (ie, third AHA added to dual background therapy) were evaluated separately.
Using REVMAN 5.3, we pooled the dichotomous outcome of patients experiencing hypoglycaemia using the Mantel-Haenszel method if ≥2 studies were available per comparison. In anticipation of the heterogeneity of hypoglycaemia, including the differing definitions, study durations, potential molecule-specific differences and doses, we used the random effects model. Given the harms objective of our study, for the primary analysis, we evaluated the risk ratio and 95% confidence intervals (CI) by considering studies with hypoglycaemia in at least one treatment arm to obtain a more conservative estimate. To allow for the evaluation of all available data, including studies with zero hypoglycaemia in both arms, we conducted an a priori sensitivity analyses using risk difference. We also planned to evaluate the robustness of our findings using different effect measures and analyses methods.
A single pair-wise comparison was used for dose-ranging studies. For studies evaluating multiple interventions eligible for inclusion within the same pooled estimate, the shared placebo group was split to avoid a unit-of-analysis error. 52 Tests of statistical heterogeneity were conducted using Chi 2 and I 2 with P < .05 denoting statistical significance. As suggested by the Cochrane group, we considered heterogeneity to be unimportant if I 2 = 0%-40%, moderate if I 2 = 30%-60%, substantial if I 2 = 50%-90% and considerable if I 2 = 75%-100%. 52 
| RE SULTS
Of the 22 089 hits retrieved from our search, 144 studies met our inclusion criteria ( Figure 1 ). An agreement value (κ) of 80%
was achieved for studies requiring detailed analysis and extraction. Fourteen of these studies contained multiple intervention arms suitable for inclusion in more than 1 comparison (five studies were included in three comparisons 89, 92, 106, 107, 151 and nine studies in two comparisons 59, 86, 88, 102, 128, 129, 147, 159, 164 ). Only 1 of the 14 studies included a separate placebo arm for each intervention being evaluated. 147 In 3 of the 14 multi-intervention studies, the 2 AHA being evaluated were within the same class and thus pooled estimate, necessitating the need for the "shared" placebo to be split. 88 A summary of study and patient characteristics is presented in Table 1 . Characteristics of individual studies can be found in the Appendix S1. 54 In short, most studies were efficacy-focused with a duration of 12-24 weeks. Mean age of patients was generally was observed with triple therapy. Considering these differences, between group comparisons of hypoglycaemia risk were avoided.
Forest plots for any and severe hypoglycaemia can be found in the Appendix S1. 54 In summary, the risk ratio of any hypoglycaemia event studies using risk difference for any and severe hypoglycaemia are presented in the Appendix S1. Risk of bias ratings for each included study is found in the Appendix S1. 54 None of the included studies were deemed to have a high risk of selection bias resulting from random sequence generation. Most studies, however, did not describe how the sequence was generated. None of the studies were determined as having a high risk of bias for allocation concealment, despite most not providing details on method of concealment. Performance bias was considered low risk, given our inclusion criteria of dou- 191, 195, 196, 200 or specific mention of participant study withdrawal due to hypoglycaemia. 58, 92, 95, 131, 175 Six studies were found to have a high risk of bias for selective reporting, either for providing only a range of hypoglycaemia outcomes 76, 140 or reporting hypoglycaemia data only for the extension phase 104 or insufficient details on the severity of episodes. 56, 98, 154 For "other bias," we considered inclusion of safety data after use of rescue therapy (ie, an additional agent for uncontrolled hyperglycaemia). Close to half (45%) of included studies did not report on rescue medication use making it difficult to determine whether it was permitted and included in the safety analyses. A definition of hypoglycaemia was provided in 63% of studies (95/144). As anticipated, the criteria, classification of severity and ascertainment of hypoglycaemia varied across studies, if reported.
Severe hypoglycaemia was mostly defined as requiring assistance (medical or third party) without a need for blood glucose confirmation. Two studies did not describe the severity of hypoglycaemic episodes and were excluded from the pooled estimates of severe hypoglycaemia and assigned a high risk of bias for selective reporting. 56, 154 Given the heterogeneity of hypoglycaemia definitions, we conducted a post hoc sensitivity analysis using a more conservative threshold of ≤3.1 mmol/L for severe events. Results are presented in the Appendix S1. 54 Sixteen studies defined hypoglycaemia with a threshold of ≤3.1 mmol/L. 
| D ISCUSS I ON
In this systematic review and meta-analysis, the risk of any hypoglycaemia with newer AHA was not increased relative to placebo when used alone, with metformin background or as triple therapy.
However, use of metformin monotherapy as well as the simultaneous addition of 2 AHA was associated with a small increased risk of any hypoglycaemia. Further, this study reaffirms the extremely low risk of severe hypoglycaemia with metformin or any AHA.
All three classes of AHA including DPP4i, GLP1RA and SGLT2i have each described their own unique glucose-dependent mechanism of action and hypoglycaemia counterregulation whereby the risk of hypoglycaemia is minimized. However, metformin's mechanism of action is not fully understood and its lower risk of hypoglycaemia has only been discussed in relation to SU or insulin. 201 Our findings corroborate those seen in the United Kingdom Diabetes Study (UKPDS) where metformin was found to have a higher rate of hypoglycaemia relative to diet alone. 202 Nevertheless, metformin remains the most trusted therapy for patients with type 2 diabetes around the world. It is not clear why dual therapy initiation of AHA was found to have an increased risk of any hypoglycaemia relative to placebo but studies evaluating intensive glycemic lowering have all
shown an increased risk of hypoglycaemia, albeit with older medications known to increase hypoglycaemia risk. 203 Of note, all six studies included in the dual therapy initiation group included metformin.
Further, participants in the dual therapy initiation group presented with high baseline HbA1c, possibly reflecting a more "difficult-totreat" population. Although it is often assumed that the risk of hypoglycaemia is increased with low baseline HbA1c levels, evidence to suggest high baseline HbA1c as a risk factor for hypoglycaemia is accumulating, 204, 205 and a U-shaped relationship is likely. 206 Results of our sensitivity analyses using different risk measures and effect models were exploratory in nature and not adjusted for multiplicity. Nevertheless, more significant results were observed when risk difference was used and moreover when zero event studies were excluded. However, despite allowing for the inclusion of zero event studies, use of risk difference for rare outcomes has been criticized for lacking statistical power. 207 Additional guidance on the inclusion or exclusion of zero event trials and the optimal statistical pooling methods for patient-important adverse outcomes is required.
Strengths of our study include being the first systematic review and meta-analysis specifically designed to evaluate the risk of any hypoglycaemia with three classes of AHA, and metformin relative to placebo in patients with type 2 diabetes. By excluding studies which allow the use of therapies known to increase risk (ie, SU, insulin), we have aimed to improve the estimation of hypoglycaemia risk with newer AHA when used alone or in combination with each other compared to placebo. Second, beyond severe events, we pooled estimates of the more frequent incidence of nonsevere hypoglycaemia. Given the harms focus of our analysis, we conducted post hoc sensitivity analyses using a more conservative blood glucose threshold of ≤3.1 (compared to <3.0 mmol/L).
In addition, the inclusion of studies with zero events allowed for risk estimations considering all relevant data. Finally, our study provides hypoglycaemia risk estimates for metformin and AHA mono-, dual and triple therapy, as well as dual therapy initiation, scenarios commonly seen in the current clinical management of patients with type 2 diabetes.
There were a number of limitations to this study. As anticipated, the definitions of hypoglycaemia were heterogenous and included varying classifications of severity, symptomology, documentation, ascertainment, collection, reporting and handling of patients with hypoglycaemia. 43, 208 To overcome this, our primary outcome was any hypoglycaemia, irrespective of the definitions and classifications used by each study. Future analyses using equivalent, internationally agreed upon definitions and ascertainment of hypoglycaemia, especially of nonsevere events, are needed. We included only studies Further, all but one study 194 was sponsored by the pharmaceutical industry. However, a recent Cochrane review found that while pharmaceutical sponsored studies were more likely to report on favourable efficacy outcomes, they were not necessarily more likely to report on more favourable safety outcomes, compared to nonpharmaceutical sponsored studies. 209 Finally, many older patients and those with a longer duration of diabetes often fail to perceive symptoms of hypoglycaemia. 210 Since some studies relied on patient reports of hypoglycaemia without blood glucose documentation, asymptomatic events may have been missed. Future studies using new continuous glucose monitoring devices will play a key role in improving our evaluation of hypoglycaemia risk, particularly of asymptomatic events, both in the real-world and clinical trial setting.
In conclusion, in patients with type 2 diabetes, the risk of any hypoglycaemia was increased relative to placebo with metformin monotherapy and dual therapy initiation, but not with newer AHA used as mono-, dual or triple therapy. Risk of severe hypoglycaemia is extremely low and similar to placebo with metformin and newer AHA.
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